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[1] The ionospheric O+ outﬂow varies dramatically during geomagnetic activities, but
the inﬂuence of its initial characteristics on the magnetospheric dynamics has not been
well established. To expand a previous study on the impact of ionospheric heavy ions
outﬂow originating from different source regions on the magnetotail dynamics and
dayside reconnection rate, this study conducts two idealized numerical experiments with
different O+ outﬂow densities to examine the consequent change in the magnetosphere
system, especially on the solar wind-magnetosphere coupling efﬁciency. Results indicate
that a larger O+ outﬂow is capable of triggering the Kelvin-Helmholtz instability (KHI)
on the magnetopause ﬂanks. The subsequent surface waves enhance the solar
wind-magnetosphere coupling efﬁciency by transmitting more solar wind energy into the
magnetosphere-ionosphere system, increasing the cross polar cap potential index. This
index is initially reduced after the ionospheric mass loading owing to the direct
depression in the dayside reconnection rate as commonly reported from earlier literature.
The above KHI is generated under steady state solar wind conditions, suggesting that
besides the commonly recognized cause, the elevated solar wind speed, ionospheric
heavy ions outﬂow is another potential factor in disturbing the boundary by enhancing the
mass density near the magnetopause and thus lowering the threshold for generating KHI.
During storms, the increased ionospheric mass source causes an increased probability of
KHI, which allows more solar wind plasma into the magnetosphere. This implies there is
a possibility of even further nonlinear coupling between the magnetosphere and
solar wind.
Citation: Yu, Y., and A. J. Ridley (2013), Exploring the inﬂuence of ionospheric O+ outﬂow on magnetospheric dynamics:
The effect of outﬂow intensity, J. Geophys. Res. Space Physics, 118, 5522–5531, doi:10.1002/jgra.50528.
1. Introduction
[2] Ions (H+, He+, O+) ﬂowing out of Earth’s ionosphere
provide another mass source to the magnetosphere in addi-
tion to the solar wind particles, altering the magnetospheric
dynamics particularly during magnetically active times [e.g.,
Daglis and Axford, 1996; Moore et al., 2005; Li et al., 2011].
Recently, the role of heavy ions (i.e., O+) in the magneto-
sphere has been increasingly explored using either simula-
tions [e.g., Glocer et al., 2009a; Winglee et al., 2002; Yu and
Ridley, 2013; Brambles et al., 2010; Wiltberger et al., 2010]
or observations [e.g., Kistler et al., 2005, 2010; Liao et al.,
2010, 2012]. For example, Yu and Ridley [2013] examined
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the inﬂuence of heavy ion outﬂow originating from different
ionospheric source locations on the magnetospheric dynam-
ics using global magnetohydrodynamic (MHD) simulations.
They found that heavy ions ﬂowing out of the dayside cusp
region have a much more signiﬁcant impact on the magne-
totail dynamics as well as on the dayside reconnection rate
than that ﬂowing out of the nightside auroral region.
[3] While the heavy ion outﬂow is growingly recognized
as an important source in changing the magnetospheric
dynamics, such as the ring current [Winglee, 2003; Nosé et
al., 2005] and the reconnection rate [Borovsky et al., 2008;
Yu and Ridley, 2013; Liu et al., 2013], its initial charac-
teristics (i.e, the velocity, temperature, density of the ions
when leaving the ionosphere), which can vary dramatically
depending on the energy deposit into the ionosphere, are
likely to play a controlling role in inﬂuencing the system
dynamics. Initial characteristics speciﬁed in global sim-
ulations resemble the outﬂow condition near altitude of
2.5–3.5 Re, the inner boundary of most global models. The
outﬂow conditions at the starting point (i.e., the inner bound-
ary in global models) are found to inﬂuence the global
magnetospheric state. For example, Garcia et al. [2010]
carried out several global MHD simulations with different
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levels of O+ outﬂow ﬂux from the nightside auroral region
and demonstrated that the increase of ionospheric O+ ﬂux
decreases the ionosphere cross polar cap potential (CPCP),
which is consistent with other studies [e.g., Winglee et al.,
2002; Glocer et al., 2009a; Brambles et al., 2010; Welling
and Zaharia, 2012]. The ﬂuence in their studies, which rep-
resents the amount of ions out of the ionosphere, is similar
to observed statistics, that is, around the order of 1025 ions/s
[Cully et al., 2003]. Wiltberger et al. [2010] conducted
MHD simulations to examine the inﬂuence of different cusp
outﬂow ﬂux on the state of the magnetosphere and found
that with a larger outﬂow ﬂux, the magnetospheric conﬁg-
uration can be dramatically disturbed by developing more
substorm events as opposed to that with no or smaller out-
ﬂow ﬂux. Brambles et al. [2010] found that the responses
in the magnetosphere-ionosphere system is associated with
the outﬂow velocity and temperature of the ionosphere ori-
gin O+. Brambles et al. [2011] investigated the dependence
of sawtooth occurrence on the ionospheric outﬂow ﬂuence
and concluded that the magnetosphere undergoes sawtooth
oscillation when the ionospheric outﬂow ﬂuence exceeds
a threshold, otherwise is quasi-steady. The above studies
made an important step in examining the dependence of
the magnetosphere state on the ionospheric outﬂow charac-
teristics, by using the Lyon-Fedder-Mobarry model [Lyon
et al., 2004]. This study continues the exploration of the
impact of the ionospheric heavy ion outﬂow on magneto-
spheric dynamics by using a different global MHD model
Block-Adaptive Tree Solar-wind Roe Upwind Scheme
(BATS-R-US) (details of this model are provided in the
next section).
[4] Previous studies showed the correlation between
heavy ions originating from the ionosphere and surface
waves on the magnetopause boundary [e.g., Bouhram et al.,
2005]. The surface waves are mainly caused by Kelvin-
Helmholtz instability that usually occurs with the presence
of large relative shear velocities and is often observed on
the ﬂank magnetopause where the solar wind speed on the
magnetosheath side is sufﬁciently different than the con-
vection inside the magnetosphere. The Kelvin-Helmholtz
instability (KHI) is an important magnetospheric physical
process because it allows for the transport of solar wind
mass and energy into the magnetosphere by mixing the
plasma from two different regions via the roll-up vortices
[Pegoraro et al., 2008; Hasegawa et al., 2004; Nykyri and
Otto, 2001; Nakamura et al., 2008]. This interaction is
therefore considered as the second most important solar
wind-magnetosphere coupling process other than magnetic
reconnection. The instability preferentially occurs with the
interplanetary magnetic ﬁeld (IMF) orientation being north-
ward [Kivelson and Chen, 1995; Hasegawa et al., 2004].
However, the ﬁrst in situ observations of KHI during south-
ward IMF was reported by Hwang et al. [2011] from Cluster
data with a dynamically active subsolar environment. In
their study, the AE index is observed to be high during time
periods when KH surface waves are observed, suggesting
strong substorm activities. While substorms are highly cor-
related with ionospheric heavy ions outﬂow [Kistler et al.,
2010], the authors suggested that the increased mass den-
sity in the plasma sheet and near the magnetopause may
facilitate the KHI. Bearing in mind of the above correla-
tion, this study will explore the instability by varying the
ionospheric O+ outﬂow density, aiming to investigate the
impact on the solar wind-magnetosphere coupling as well as
in the ionospheric electrodynamics.
2. Methodology
[5] The global multiﬂuid MHD model Block-Adaptive
Tree Solar-wind Roe Upwind Scheme (BATS-R-US)
[Powell et al., 1999] is employed. The multiﬂuid code solves
MHD equations for two ion ﬂuids (i.e., H+ and O+) with
their individual mass, momentum, and energy equations
[Glocer et al., 2009b]. This MHD model is coupled with
an ionospheric electrodynamic solver [Ridley et al., 2004]:
the ﬁeld-aligned currents computed just outside (3.5 Re) the
inner boundary of the MHD code are mapped down to the
ionospheric height where the ionospheric electric potential
is computed; the potential is then mapped out to the inner
boundary of the MHD code to obtain the E  B convec-
tion velocity, which is used as the inner boundary condition
for the perpendicular velocity of the ions. The conductivity
used in the ionospheric solver is not uniform but struc-
tured, depending on the mapped ﬁeld-aligned currents. The
conductance includes solar-generated conductance, night-
side conductance, and auroral zone conductance (details
about the inﬂuence of the ionospheric conductance on the
magnetosphere can be found in Ridley et al. [2004]). The
MHD code is also coupled with the Rice Convection Model
(RCM) [Wolf, 1983; Toffoletto et al., 2003], which cap-
tures the kinetic behavior of charged particles in the inner
magnetosphere by solving the distribution functions of a
number of “ﬂuids” in a self-consistently computed electric
ﬁeld, given magnetic ﬁelds generated from the BATS-R-US
MHD model. The pressure and density of each ﬂuid (H+
and O+) in the inner magnetosphere solved in BATS-R-US
are corrected by the kinetic RCM because charged parti-
cles no longer behave like ideal MHD ﬂuids in that region.
Instead, the charged particles transport separately around the
Earth according to their mass and sign of charges under the
combined effect of the embed high magnetic ﬁelds, coro-
tation electric ﬁelds, and externally driven electric ﬁelds in
the inner magnetosphere. The coupling between the RCM
and the global magnetosphere MHD model BATS-R-US is
described in more detail by De Zeeuw et al. [2004]. The
above coupled near-Earth framework is highly capable of
capturing the terrestrial magnetospheric dynamics, such as
the magnetospheric plasma and ﬁelds [Welling and Ridley,
2010], and the induced magnetic ﬁeld variation on the Earth
surface [Yu and Ridley, 2008; Yu et al., 2010].
[6] The physical domain covered by the MHD model
extends from 32 Re on the dayside to 224 Re on the night-
side in the Sun-Earth direction and ˙128 Re in the other two
directions. The state of the magnetosphere is controlled by
solar wind conditions at the upstream outer boundary (32 Re)
and ionosphere conditions at the inner boundary (spherically
2.5 Re). The solar wind conditions at the upstream boundary
can be obtained either from other model output [e.g., Ridley,
2006] or from real observations such as Advanced Compo-
sition Explorer (ACE) or Wind measurements [e.g., Yu
and Ridley, 2008] or even from user-designed conditions
[e.g., Yu and Ridley, 2011]. Other outer boundaries use
zero gradient in the solar wind plasma parameters because
these boundaries are too far from the Earth to inﬂuence the
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Figure 1. (a) The Z component magnetic ﬁeld in the equatorial plane for the dusk side at time 03:00.
(b) The velocity and magnetic ﬁeld vectors in their M and N directions with respect to the magne-
topause on the middle point of the black line in Figure 1a. The bottom plot shows H+, O+ and total mass
densities at the same location. (c) Contour plots of shear velocity, magnetic ﬁeld, total mass density, and
energy density along the black line across the magnetopause as a function of time. The upper part in
these plots represents the magnetosheath region and the lower part is within the magnetosphere region.
Four vortices are developed around 02:20, 02:45:, 03:15, and 03:50 (marked by vertical lines) as identi-
ﬁed from the plot of mass density. These vortices help the magnetospheric side mass to intrude into the
magnetosheath region.
near-Earth dynamics. The inner boundary of the MHD code,
a spherical shell at 2.5 Re, requires the speciﬁcation of den-
sity, velocity, and temperature for both ion ﬂuids. These
parameters on the inner boundary of the MHD model are
essentially the controlling factors in this study, as they
describe the outﬂow conditions.
[7] In this study, the upstream solar wind and IMF con-
ditions remain constant in driving the magnetosphere: Bx =
By = 0, Bz = –5 nT, NH+ = 5 cm–3, NO+ = 0.0001 cm–3,
VxH+,O+ = 400 km/s, and TH+,O+ = 100, 000 K. At the
inner boundary, a uniform ionospheric outﬂow is speciﬁed
over both the Southern and Northern polar caps (above
60ı magnetic latitude at 2.5 Re, which corresponds to mag-
netic latitude above 71.6ı at the ionospheric height). The
parameters for the outﬂow ions are speciﬁed as follows:
VO+|| = 20 km/s, TO+ = 1, 000, 000 K, VH+|| = 2 km/s, TH+ =
100, 000 K, and NH+ = 20 cm–3. Two simulations are per-
formed with different O+ densities: one simulates an iono-
spheric outﬂow event with NO+ = 20 cm–3, and the other one
has NO+ = 40 cm–3. The above inner boundary conditions in
the two simulations correspond to a O+ ﬂuence of 9.871025
and 1.931026 ions/s, respectively, which fall in the range of
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the observation statistics [Cully et al., 2003]. Both outﬂows
are initialized at the beginning of time-dependent simulation
after the system converges to a steady state using thousands
of iterative steps (in non-time-dependent mode). It should
be noted that such a speciﬁcation of uniform and large out-
ﬂow source in the polar cap region is only for experimental
studying of the impact of outﬂow intensity, because obser-
vations rarely see the presence of a large outﬂow ﬂux simply
over the polar cap. Nevertheless, since the modeled amount
of ﬂuence agrees with observational statistics, the current
study still mimics reality in the global outﬂow rate, allowing
us to learn, in a general sense, about the impact of the iono-
spheric mass loading rate, regardless of its source region and
pathway, on the magnetosphere system.
3. Simulation Results
[8] While the magnetosphere is relatively steady after
the ionospheric outﬂow with density of 20 cm–3 populates
the magnetosphere, the magnetosphere with 40 cm–3 iono-
spheric outﬂow density undergoes substantial turbulence on
its low-latitude boundary layer. Figure 1a shows a color
contour of magnetic ﬁeld Z component in the dawnside
equatorial plane at 03:00. The dayside magnetopause is
highly disturbed as a vortex propagates along the magne-
topause toward the tail, mixing two plasma sources from
the magnetosheath and magnetosphere. Figure 1b illustrates
the evolution of the velocity, magnetic ﬁeld, and density
at the middle point of the black line in Figure 1a that
crosses the magnetopause boundary, resembling measure-
ments from a stationary satellite. The velocity and magnetic
ﬁeld are in a local LMN (boundary normal) coordinate sys-
tem [Russell and Elphic, 1979], where M points toward
dawn along the equatorial magnetopause surface, N points
in the normal direction of the magnetopause in the equatorial
plane, and L completes the third axis in orthogonal sys-
tem (i.e., the Z direction out of the equatorial plane toward
the north). The plasma velocity is mainly in the M direc-
tion, i.e., along the magnetopause; the magnetic ﬁeld in both
M and N directions are small since the dominant compo-
nent is in the Z direction; the total mass density, including
both H+ and O+, is signiﬁcantly enhanced by a factor of 3
(from 5 to 15 cm–3 around 01:15) after the O+ ions ﬂow
toward the magnetopause from the nightside (i.e, starting
from 00:35 to 01:30). Around 02:00, the virtual station-
ary satellite observes quasiperiodic variations in all of these
parameters, implying that the magnetopause is oscillating
around the virtual stationary satellite.
[9] Figure 1c shows 2-D contour plots of plasma shear
velocity, magnetic ﬁeld in the M direction, density, and
energy along the black line as a function of time. The mag-
netosheath is in the upper part of each plot, while the mag-
netosphere is in the lower part. During the simulation, the
magnetosheath plasma with smaller magnetic ﬁeld, higher
density, and hotter particles intrudes into the magnetosphere
at least four times at this selected magnetopause location
with an approximate period of 30 min (i.e., the intrusion
takes place around 02:20, 02:45, 03:15, 03:50, identiﬁed
from the density contour plot and marked by vertical dashed
line). The penetration of plasma into the magnetosphere
is as deep as 1.5Re, and the magnetospheric plasma also
migrates toward the magnetosheath as the vortex rotates
while traveling along the magnetopause, mixing the plasma
from the two domains.
[10] These four penetrations of magnetosheath mass and
energy into the magnetosphere are due to four successive
transient vortices traveling along the magnetopause, which
stems from the Kelvin-Helmholtz instability (KHI).
4. Discussion
[11] Theoretically, the KHI grows when the shear ﬂow
is larger than a certain threshold according to a linear
inequality [Hasegawa, 1975; Gratton et al., 2004]:
(V  k)2  1 + 2
12
[(B1  k)2 + (B2  k)2] (1)
where k is the wave vector. V, B, and  denote the veloc-
ity difference between the two plasma, magnetic ﬁeld,
and total mass density. The indices “1” and “2” represent
the magnetosphere and magnetosheath domains, respec-
tively. The velocity and magnetic ﬁeld vectors contain
the directions along the magnetopause toward dawnside
(M direction), Z (L) direction, and the normal of the mag-
netopause (N direction). Assuming that the ﬁeld component
in the N direction is negligible, that the wave propagation
is conﬁned within the LM plane and that the angle between
the wave propagation k and M direction is  , the above
inequality becomes
[(Vm1 – Vm2)cos + (Vz1 – Vz2)sin ]2
 1 + 2
12

(Bm1cos + Bz1sin )2 + (Bm2cos + Bz2sin )2

.
(2)
If the wave propagates vertically (i.e., in Z direction,
 = 90ı), it is suppressed quickly by the Z component of the
magnetospheric ﬁeld, which is very large and provides an
effective surface tension that can stabilize the wave along the
same direction. If the wave propagates along the equatorial
magnetopause ( is zero), then the above inequality becomes
(V1 – V2)2  B
2
1 + B22
2

1 +
2
1

(3)
where V and B are both in the M direction. In this case, the
Z component of magnetic ﬁeld has no effect on the wave
propagation.
[12] With inequality (2), the theoretical prediction of the
KHI onset near the dawn magnetopause is tested using the
simulation results. The parameters for the magnetosphere
and magnetosheath regions used in inequality (2) are taken
from two points on the black line (shown in Figure 1a)
0.75 Re away from the magnetopause, identiﬁed from the
magnetic ﬁeld reversal in the Z direction). The threshold
(right-hand side, RHS, of inequality (2)) is computed with
the density  either including O+ or excluding O+ (this can
be easily achieved because the multiﬂuid simulation treats
each ion species individually) and is then compared to the
square of shear velocity (left-hand side, LHS, of inequal-
ity (2)). Figure 2 illustrates the contour of LHS minus RHS
in inequality (2) as a function of wave propagation angle
and time. The positive value represents the square of the
linear growth rate of the KH waves [Claudepierre et al.,
2008]. The RHS/threshold in Figure 2a includes O+ in the
density parameter, while the RHS/threshold in Figure 2b
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Figure 2. Contour of the difference between the LHS
and RHS ((a) with O+ included; (b) with O+ excluded) of
inequality (2) with angles ranging from –90ı to 90ı. The
parameters needed in the inequality are taken from both
sides 0.75 Re away from the magnetopause on the black line
shown in Figure 1. Yellow indicates the magnetosphere is
unstable while blue means the system is stable. The four
vertical lines indicate the intrusion of magnetosheath plasma
into the magnetosphere.
excludes O+. In either case, when the wave propagates with
a larger angle  with respect to the equatorial plane, the
magnetosphere is more stable (blue/black) because the larger
magnetic ﬁeld Z component along the wave propagation
plays an increasingly effective role of stabilizing the sur-
face waves. With an angle closer to the equatorial plane,
the Kelvin-Helmholtz instability will grow more easily (red)
since the Z component of magnetic ﬁeld in the equatorial
plane is less capable of stabilizing the waves. Each intru-
sion time of magnetosheath plasma into the magnetosphere
as marked by the vertical lines roughly indicates the growth
of an unstable state across the equator (i.e., transiting to yel-
low/red along the time). In addition, with O+ included, the
off-equator Kelvin-Helmholtz instability appears stronger.
[13] Figure 3 shows the shear velocity (square root of the
LHS of inequality (2), symboled by “4”), the square root of
the threshold/RHS with O+ (symboled by “?”), and without
O+ (symboled by “˘”) included in the parameter . When the
4 is above the ? and ˘, the system is KH unstable, inde-
pendent of whether O+ is considered or not. Figures 3a and
3b illustrate these quantities with the wave angle being 0ı
and 20ı, respectively. The magnetosphere is predicted to be
unstable throughout the entire simulation when the waves
travel along the magnetopause boundary ( = 0ı) because
angle = 0°
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Figure 3. The shear velocity (square root of LHS, sym-
boled by triangle) and two thresholds (square root of RHS)
when O+ is included in the mass density (star) and when no
O+ is included (diamond). (a) The inequality with a wave
angle of 0ı and (b) an angle of 20ı. The unshaded region
represents time periods when the instability is triggered only
with the help of heavy ions. (The shear velocity is larger
than the threshold with O+ but is smaller than the threshold
without O+. That is, no KHI will occur if O+ is not included
in the threshold.) The shaded region represents all other cir-
cumstances, including stable state due to a smaller shear
velocity compared to both thresholds, unstable state when
the shear velocity is larger than both thresholds.
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Figure 4. (a) The integrated power spectral of the azimuthal electric ﬁeld on the morning magnetosphere
in the equatorial plane. The black line crosses the main region of the wave pulsation on the morning
magnetopause boundary. (b) The azimuthal electric ﬁeld E on the black line as a function of time. The
slope of wave traces can be used to calculate the wave phase speed, which is approximately 16 km/s.
(c) E at time 03:00 on the black line. The oscillation in this plot is used to determine the wavelength
propagating along the magnetopause in the equatorial plane, which is 2.6 Re. (d, e, f) The azimuthal
electric ﬁeld on the vertical (Z) plane with the intersection line with the equator on the black line in
Figure 4a. These plots indicate that the wavelength of the wave component propagating in the Z direction,
which is 6.5 Re. The two wavelengths along the Z direction and the equatorial magnetopause direction
indicate a propagation angle of 22ı with respect to the equatorial plane.
the shear velocity is always above the threshold either with
or without O+. On the other hand, when the 4 is located
below the ? or ˘, the system is stable, as is the case in
Figure 3b, i.e., 20ı propagation angle, at the start of the
simulation. Eventually, the 4 goes between the ? and ˘,
implying that the system is KH unstable if O+ is considered,
but would be stable if there were no O+. This is the case
after about 2 h. It is consistent with the disturbance onset
time shown by the simulation (see Figure 1). Initially, when
only a few O+ ions arrive at the magnetopause, the thresh-
olds with O+ and without O+ are almost the same, and the
shear velocity is well below the threshold, implying a sta-
ble magnetosphere. When O+ ions start to appear near the
magnetopause, the threshold with O+ included in the den-
sity parameter is signiﬁcantly decreased (see ? line), while
the threshold excluding O+ ions is much greater, leaving the
shear velocity (4) in the middle of the two during most
time of the simulation after 02:00. In other words, the shear
velocity (4) is larger than the threshold with O+ ion (?) and
smaller than that without O+ (˘) (denoted by the unshaded
region), indicating that the presence of O+ increases the pos-
sibility of the KHI onset near the ﬂank/magnetopause by
lowering the threshold of the instability. This is consistent
with an observational study by Bouhram et al. [2005] who
showed that with a sufﬁciently large amount of heavy ions
in the magnetosphere, the KHI is more likely to occur.
[14] The above theoretical prediction of the onset of KHI
indicates that the KHI can take place from the beginning
if the wave travels in the equatorial plane along the mag-
netopause but can not be excited until around 02:00 if the
wave propagates with an angle of at least 20ı off the equa-
tor. The latter is more consistent with the simulation results
that show no disturbances on the magnetopause until about
2 h after the outﬂow. To explain the discrepancy between
the simulation results (KHI begins at around 02:00) and the
theoretical prediction (KHI begins at 00:00 with 0ı prop-
agation angle but later with a larger propagation angle),
there could be several possibilities. First, it might be asso-
ciated with the way the parameters on both sides of the
magnetopause are chosen in examining the stability of the
boundary. In other words, taking parameters 0.75 Re away
from the magnetopause probably introduces some uncertain-
ties, as the magnetopause boundary may frequently change
in thickness due to the passage of vortex. The second pos-
sible reason for the discrepancy is that the viscosity (mainly
the numerical resistivity) on the boundary inhibits or delays
the onset of the KH instability in the simulation, while the
theoretical criteria shown by inequality (1) is derived from
incompressible plasma and does not take into account other
factors in the ﬂuids except for the magnetic ﬁeld and mass
density. The last possibility is that the KH surface waves
in the simulation indeed propagate with an angle of 20ı off
the equator.
[15] As a comparison to the simulation that develops KH
waves, the theoretical prediction of the stability is also inves-
tigated in the simulation that has less O+ outﬂow from the
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Figure 5. The cross polar cap potential index for two sim-
ulations with outﬂow density of 20 (solid) and 40 cm–3
(dashed), respectively. The vertical lines represent the four
intrusions identiﬁed in Figure 1 for the case with 40 cm–3.
ionosphere. No vortex is found on the magnetopause bound-
ary, and the magnetosphere is mostly quiet. The same line
is extracted on the morning magnetopause and parameters
are chosen 0.75 Re away from the magnetopause to be used
as the input in inequality (2). This theoretical results indi-
cate potential growing of KHI from the beginning of the
simulation with a propagation angle within 0ı–15ı. This
implies that the ﬁrst explanation mentioned above is invalid
as the boundary thickness in this second simulation nearly
remains constant due to the absence of disturbance. While
it is a difﬁcult task to quantitatively determine the role of
numerical resistivity in suppressing the waves, it is possi-
ble to analyze the wave propagation on the magnetopause
surface in the 3-D model, in order to determine whether
the KHI was initiated because of the difference in possible
propagation angles.
4.1. Wave Propagation
[16] To determine the wave propagation angle on the
magnetopause surface from our simulation results, the wave
numbers on the M direction (along the equatorial mag-
netopause boundary) and on the L direction (Z direction)
should be identiﬁed.
[17] To determine the wave number along theM direction,
two steps are followed. Firstly, the power spectral analysis
technique developed in Claudepierre et al. [2008] is applied
to the azimuthal electric ﬁeld on the equatorial magneto-
sphere to ﬁnd out the location of the wave pulsation. After
integrating the power spectral density of the azimuthal elec-
tric ﬁeld E over the Pc4–5 frequency range (0.15–15mHz),
the low-frequency KH wave pulsation is found to be located
on both morning and afternoon ﬂanks. Figure 4a illustrates
the total power of the azimuthal electric ﬁeld in the morn-
ing equatorial magnetosphere. The wave pulsation clearly
occurs on the prenoon magnetopause boundary. Secondly,
the wave properties are examined along the magnetopause
boundary on the equator, including the wave frequency,
phase velocity, and wave number. Figure 4b shows E
along the black line in Figure 4a as a function of time.
Four coherent wave structures propagate tailward along the
magnetopause boundary after 02:00, with a period approx-
imately of 0.5 h. From the slope of these wave traces, the
phase velocity of KH waves is estimated to be 16 km/s. The
onset location for each wave trace appears to move closer to
the dayside magnetopause with time (the X axis starts from
the dayside end of the black line). Figure 4c displays E at
time 03:00 along the black line, from which, the wavelength
in the M direction m is estimated to be 2.6Re. Therefore,
the KH waves propagate in the equatorial plane along the
magnetopause with a wave number of km = 2 /m =2.4 R–1e .
[18] To determine the wave number along the Z direc-
tion, the same technique is employed in the vertical plane (Z
direction) tangential to the magnetopause with the intersec-
tion line being the white line on the equator in Figure 4a. The
integrated power spectral density of E in Figure 4d shows
that the waves extend into the Z direction, implying the off-
equator propagation. The wave traces (Figure 4e) obtained
from the white vertical line in Figure 4d are not useful in
determining the phase velocity in the Z direction because
the slope is too small. Although the waves quickly dissipate
after traveling in the Z direction for maximum propagation
of about 3 Re and it is difﬁcult to identify multiple wave
oscillations along the black line. Figure 4f shows a quasi-
oscillation in the E along the black line at 03:00. Based on
this the wavelength in the Z direction, z is estimated to be
6.5 Re. This corresponds to a wave number in the Z direction
kz = 2 /z = 0.967 R–1e .
[19] Therefore, the wave propagation angle with respect
to the equator is tan–1(kz/km) ' 22ı. This estimation of
the wave propagation angle from the 3-D simulation results
is consistent with the theoretical prediction of the onset of
KHI. That is, with a propagation angle about 20ı, the KHI is
predicted to be excited around 02:00 with the participation
of O+.
4.2. Feedback to the Ionosphere
[20] The KH surface waves on the magnetopause, trig-
gered by a large mass loading from the ionosphere, feed back
onto the ionospheric electrodynamics. Although the dayside
reconnection rate can be suppressed by the increased amount
of heavy ions in the magnetosphere [Yu and Ridley, 2013],
the Kelvin-Helmholtz instability allows more solar wind
mass and energy to enter the magnetosphere and increases
the reconnection rate via the rolled up vortices [Pegoraro et
al., 2008; Hasegawa et al., 2004] (as shown in Figure 1a).
Nykyri and Otto [2001] and Nakamura et al. [2008] con-
ducted MHD simulations of KH vortices and found that the
reconnection also occurs above and below the equatorial
plane due to the rolled up vortex. The consequence of the
changed reconnection rate can be observed in the cross polar
cap potential (CPCP) index in Figure 5. The CPCP index
is signiﬁcantly reduced after the outﬂow is initiated, which
has been observed in previous studies [e.g., Winglee et al.,
2002; Glocer et al., 2009a; Brambles et al., 2010; Welling
and Zaharia, 2012]. Two hours later, the CPCP index in the
simulation with 20 cm–3 outﬂow density increases slightly,
while the CPCP index in the other simulation, in which the
KH waves are excited, increases signiﬁcantly, indicating that
more energy is transmitted down to the ionosphere. This is
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Figure 6. Residual ionospheric electric potential patterns after 02:00. The base potential pattern that is
used to be subtracted is at 02:00. The circle plots are in 5 min cadence. Blue contour lines indicate a
decrease in the potential compared with that at 02:00 and yellow contour lines indicate an increase in the
potential. The unit of potential is kV.
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ascribed to the KH surface waves that allow more solar wind
energy into the magnetosphere.
[21] Careful inspection of the increase in the CPCP index
after 02:00 reveals that the local peaks in the index are highly
correlated to the KHI occurrence. As mentioned in section
3, the largest penetration of magnetosheath plasma into
the magnetosphere takes place four times at 02:20, 02:45,
03:15, and 03:50, respectively. Accordingly, the CPCP index
reaches a local maximum approximately around these times
(see the vertical lines). Figure 6 shows the ionospheric elec-
tric potential patterns from 02:00 to 04:00 after the 02:00
universal time potential is subtracted from them. The sub-
traction is done in order to observe the evolution in the
ionosphere that would be difﬁcult to see under southward
IMF conditions in which the strong background of the iono-
spheric potential veils the subtle changes. Around 02:15,
two convection vortices with the same polarity as the two-
cell background pattern emerge and propagate toward the
nightside while growing in magnitude. Such an emerge-
grow-and-propagate behavior is also observed starting from
time 03:15 and 03:50, which is consistent with the time
that KH vortex appears on the ﬂanks and then propagates
tailward. Such a connection of KH waves on the mag-
netopause boundary and the ionospheric electrodynamics
implies that even with constant solar wind driving, the
geospace system can gain additional energy via the sur-
face waves. The above connection ultimately completes
the solar wind-magnetosphere-ionosphere coupling circula-
tion: the ionospheric mass outﬂow into the magnetosphere
varies the magnetospheric dynamics as well as solar wind-
magnetosphere interaction by triggering the KH surface
waves, which transfers additional solar wind energy into
the magnetosphere, inﬂuencing the ionospheric electrody-
namics. This can theoretically further change the initial
characteristics of the ionospheric mass outﬂow, the ﬁrst
driver in this circulation. However, the correlation between
the energy deposited and the subsequent ionospheric outﬂow
is not included in this study since the imposed outﬂow is
forced to be constant throughout the simulation. Future stud-
ies will focus on a more self-consistent outﬂow by including
a causal relationship between the energy input and the iono-
spheric outﬂow, such as the empirical relationship derived
by Strangeway et al. [2005].
5. Conclusion
[22] To explore the dependence of the magnetosphere on
the characteristics of the ionospheric outﬂow, this study
investigated the effect of ionospheric outﬂow intensity. Two
different uniform outﬂow intensities are speciﬁed in the
polar region of an MHD model: one with a ﬂuence rate
of 9  1025 ions/s and another with a ﬂuence of 2  1026
ions/s. Although these two numerical experiments use ideal-
ized constant outﬂow densities simply applied over the polar
cap region, the total ﬂuence rate is consistent with obser-
vations. Results indicate that a larger ionospheric outﬂow
intensity plays a more profound role in altering the global
magnetosphere conﬁguration.
[23] The O+ outﬂow with a larger intensity greatly
disturbs the global magnetosphere by triggering Kelvin-
Helmholtz surface waves along the magnetopause boundary
with an off-equator propagation angle of about 20ı. These
waves increase the solar wind-magnetosphere coupling efﬁ-
ciency by increasing the reconnection rate through the roll
up of Kelvin-Helmholtz vortices. The CPCP index subse-
quently increases after its initial reduction. This simulation
also suggests that the Kelvin-Helmholtz instability (KHI),
preferentially occurring during northward IMF conditions,
can be triggered even with southward IMF given certain con-
ditions, such as when a large supply of heavy ions of iono-
spheric origin is present in the magnetosphere. This implies
that the ionospheric heavy ions can be another crucial factor,
besides the commonly recognized factor—the elevated solar
wind speed, in exciting the instability on the magnetopause
boundary. The increased ionospheric mass source that usu-
ally occurs during storm time causes an increased probability
of KHI, which may allow more solar wind plasma into the
magnetosphere. This suggests that there is a possibility of
even further nonlinear coupling between the magnetosphere
and solar wind.
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